Abstract
INTRODUCTION
This modeling process can be described as shown in the flow chart in Fig. 1 . Over the years, various color appearance models such as Hunt, Fairchild, CIECAM97s, and CIECAM02 [1] have been proposed to predict matching colors and color appearances. These models provide relatively accurate matching results, but formulations of several models are difficult and complex. Furthermore, display device viewed under mixed chromatic adaptation have not yet been evaluated. It is assumed that observers have a fixed state of single adaptation [2] . When we use display device under a certain viewing condition, we are affected by both the display and the ambient light. At this time, the eye's white point is located between the display's white point and the ambient light's white point [3] . 
Hunt made an experiment on mixed adaptation conditions including color display monitor with a CCT (correlated color temperature) of 6500K and incandescent lamp with a CCT of 2900K [3] . In Hunt's experiments, it was found that as luminance level of incandescent lamp goes lower, our white point move to the display's white point. Although Hunt made an experiment on mixed adaptation condition, it was performed only under restricted viewing condition (under incandescent lamp, at low luminance level), and since he didn't provide quantitative model, we can't predict white points under various viewing conditions. Fig. 1 . Flow chart of proposed mixed adaptation modeling process. In this paper, we propose a quantitative model for mixed adaptation conditions which can predict white points under various viewing conditions varying with luminance level and chromaticity. And we verify the modeling results by experimental results. Furthermore, this model would provide the method of adjusting display setting values suitable to various viewing conditions by using modeling results.
Finding a white point of interior condition by CIECAM02.
Adaptation modeling begins with finding a white point of interior condition from daylight condition. The most natural daylight condition is suggested to a CCT of 5400K-5700K [4] , [5] at a white luminance of about 10000 cd/m 2 [6] , [7] . In this paper, a CCT of 5500K as an adapting field and as a white point was used. An adapting luminance of 2000 cd/m 2 was used. A white point of daylight condition is converted to a white point of interior condition whose illuminant is 6500K fluorescent, adapting luminance is 30 cd/m 2 [8] . These processes are calculated by CIECAM02 chromatic adaptation transform below. 
As shown in equations (1)- (6), one of the most important things in CIECAM02 is the use of a linear chromatic adaptation transform. This results in a simpler model with equivalent performance and allows for a simple analytical inversion. XYZ tristimulus values are converted to LMS cone responses according to equation (1), (2) . The D factor, for degree of adaptation, is computed as a function of the adapting luminance L A , and surround F, according to equation (3) . In this paper, F is set to be average surround 1.0. Theoretically, D ranges from 1.0 for complete adaptation to 0.0 for no adaptation. As a practically limitation, it will rarely go below 0.6. Once D is established, the tristimulus responses for the stimulus color are converted to adapted tristimulus responses R C G C B C , representing corresponding colors for an implied equal-energy illuminant reference condition using equation (4 This result means that a white point of 6350K in interior condition looks the same as a white point of 5500K in daylight condition. Then we will find the cone responses R 2 G 2 B 2 under various viewing conditions by using this standard interior condition. Target adapting field luminance ranges from 10 to 100 cd/m 2 , CCT ranges from 3000 to 9000K. This process is also taken by CIECAM02, but since it doesn't have RGB to XYZ transformation, it uses equations (1)- (5) except (6) as shown above.
Proposed modeling method for mixed adaptation conditions
The most important process in this model, is the modeling of mixed adaptation condition. As shown in Hunt's experiment, in mixed adaptation conditions, a white point changes according to the adapting luminance. And human visual system is partially adapted to the display and partially to the ambient light. Therefore, the cone responses of the human visual system can be expressed as the intermediate value of the cone responses between display and ambient light.
Modeling begins with this relation to formulate mixed adaptation. The mixed adaptation factor D MA is used to determine the ratio of the cone responses between display and ambient light, and D MA is derived from the adapting luminance L A with non-linear relation as shown in equation (8) and Fig. 2 . When the adapting luminance is higher than 1000 cd/m 2 , D MA equals 1.0, human visual system is completely adapted to the ambient light. Contrary, when D MA equals 0.0, human visual system is completely adapted to the display. Finally, the cone responses can be derived from the D MA , as shown in equation (7) . Modeling results in various adapting conditions are shown in Table. 2, and these can be also expressed as a graph as shown in Fig. 3 .
It can be observed that as adapting luminance goes lower, CCT of a white point approaches to the display's white point. On the contrary, as adapting luminance goes higher, CCT of a white point approaches to the ambient light's white point. These situations can be observed more clearly on a (x,y) chromaticity diagram as shown in Fig. 4 which shows chromaticity coordinates of white points under varying adapting luminance at 6500K illumination (similar results at the other illuminations). It can be observed that these white points are on the line of connection between the display's white point and the ambient light's white point. This means that not only the cone responses of the human visual system, but also the eye's white point moves between the display's white point and the ambient light's white point. 
EXPERIMENTS
To verify the proposed model, the experiments for finding white points under mixed adaptation conditions were performed. As shown in Fig. 5 . background images of display considered as the adapting fields of mixed adaptation conditions, were viewed to 7 observers in varying luminance and chromaticity. And patches for finding white points were also viewed. Background images having luminance of 10, 50, 100 cd/m 2 , and CCT of 4000, 5000, 6500, 7000, 9000K were used, and patches having luminance of 60 cd/m 2 , and CCT of 4000, 5000, 6500, 7000, 9300, 10000K were used.
The display's white point in a dark room condition was set to a CCT of 10000K. Memory matching method was used to find white points. Viewing angle for background and patch was set to 60°, and 15°. For more accurate measurement, observers were allowed to choose Experimental results are shown in Fig. 6 . with modeling results. It can be observed that experimental results are very similar with modeling results. That is, as adapting luminance goes lower, CCT of a white point approaches to the display's white point. Therefore, it can be noticed that as adapting luminance goes lower, we should adjust the display's CCT higher. 
CONCLUSIONS
Although there have been various color appearance models for predicting matching colors and color appearances, they could not predict the white point under mixed adaptation conditions. In this paper, we have developed a quantitative model for mixed adaptation conditions which can predict white points under various viewing conditions. Modeling and experiments have performed under varying luminance and chromaticity. As adapting luminance goes lower, CCT of a white point approaches to the display's white point. On the contrary, as adapting luminance goes higher, CCT of a white point approaches to the ambient light's white point. This means that the eye's white point moves between the display's white point and the ambient light's white point. Therefore, it could provide the method of adjusting display setting value suitable to various viewing conditions by using modeling and experimental results.
